ABSTRACT The lambdoid phage N15 of Escherichia coli is very unusual among temperate phages in that its prophage is not integrated into the chromosome but is a linear plasmid molecule with covalently closed ends (telomeres). Upon infection, the phage DNA circularizes via cohesive ends, and then a special phage enzyme of the tyrosine recombinase family, protelomerase, cuts at another site and joins the ends, forming hairpin telomeres of the linear plasmid prophage. Replication of the N15 prophage is initiated at an internally located ori site and proceeds bidirectionally, resulting in the formation of duplicated telomeres. The N15 protelomerase cuts them, generating two linear plasmid molecules with hairpin telomeres. Stable inheritance of the plasmid prophage is ensured by a partitioning operon similar to the F factor sop operon. Unlike the F centromere, the N15 centromere consists of four inverted repeats dispersed in the genome. The multiplicity and dispersion of centromeres are required for efficient partitioning of a linear plasmid. The centromeres are located in the N15 genome regions involved in phage replication and control of lytic development, and binding of partition proteins at these sites regulates these processes. The family of N15-like linear phage-plasmids includes lambdoid phages ϕKO2 and pY54, as well as Myoviridae phages ΦHAP-1, VHML, VP882, Vp58.5, and vB_VpaM_MAR of marine gamma-proteobacteria. The genomes of these phages contain similar protelomerase genes, lysogeny control modules, and replication genes, suggesting that these phages may belong to a group diverged from a common ancestor.
THE FAMILY OF LINEAR N15-LIKE PHAGE-PLASMIDS
All cells with linear chromosomes must employ special mechanisms to replicate the extreme termini of their chromosomes, since DNA polymerases alone are unable to perform this function (1) .
Most eukaryotes have openended DNA and employ special "telomerase" enzymes for this purpose, but there are other solutions that ensure complete replication of linear DNA: protein priming, recombination, and covalently closed terminal hairpins (reviewed in reference 2). Prokaryotes usually posses circular plasmids and chromosomes, but examples of linear replicons are known. Bacteriophage N15 belongs to the small group of organisms known to replicate as linear DNA with covalently closed telomeres. Besides N15 and related phage-plasmids, only a few examples of such replicons from bacteria are known, including the linear plasmids and chromosomes common in the spirochete genus Borrelia (3-5) and one of the two chromosomes of Agrobacterium tumefaciens (6, 7) . In this review I will summarize the most relevant work on N15 and related phages, with a special emphasis on the mechanism of replication, generation of hairpin telomeres, control of lysogeny, and plasmid prophage maintenance.
Phage N15 was isolated by Victor Ravin in 1964 (8) . N15 belongs to the lambdoid phage family on the basis of cross-hybridization of their DNA (9) and is similar to phage λ with respect to the morphology of phage particles, latent period, burst size, and frequency of lysogenization (10) . An unusual feature of phage N15 is that its prophage replicates extrachromosomally (9) (10) (11) . Therefore, N15 could be considered a phage-plasmid, like phages P1 and P4 (12) . Initially, it was supposed that the N15 prophage is a circular plasmid, like P1, but later Rybchin and colleagues showed (13, 14) that the N15 prophage is a linear plasmid with covalently closed ends (telomeres). It was the first example of linear DNA with covalently closed ends in prokaryotes. The mature N15 phage DNA has 12-bp, single-stranded cohesive ends, named cosL and cosR. The gene order in plasmid DNA is a circular permutation of that in the virion phage DNA, and the telomere-forming site telRL in phage DNA is a 56-bp inverted repeat (IR). The above data suggest that after infection of an Escherichia coli cell, the phage DNA becomes circularized via its cohesive termini. Then a special phage-encoded enzyme, protelomerase (prokaryotic telomerase), cuts the telRL sequence and joins the phosphodiester bonds, making covalently closed ends, telL and telR (12) (Fig. 1) .
During the past two decades several other phages able to lysogenize their hosts as linear plasmids with covalently closed telomeres were discovered. All of them were identified in γ-proteobacteria, and they fall into two groups: the siphoviruses ϕKO2 of Klebsiella oxytoca (15) and PY54 of Yersinia enterocolitica (16) , and the myoviruses of marine bacteria: phages VP882, Vp58.5, and vB_VpaM_MAR of Vibrio parahaemolyticus (17) (18) (19) and phage ΦHAP-1 of Halomonas aquamarina (20) . All of them are related to N15 and carry a similar genetic determinants responsible for prophage replication and generation of covalently closed telomeres. Another marine phage, VHML of Vibrio harveyi (21) , is closely related to VP58.5 (18) and contains an N15-like protelomerase. VHML was initially described as integrative (21), but later it was suggested that its prophage may be a linear plasmid as well (22) .
ORGANIZATION OF THE GENOMES
About half of the 46,363-bp long genome of phage N15 (23) is similar to the bacteriophage λ genome sequence (Fig. 2) . This is the right arm of the prophage genome ( Fig. 2) that contains mostly the genes encoding the proteins required for virion head and tail assembly. The division between the left and right arms of the prophage genome is determined by the site (cosRL) formed upon joining the ends of mature phage DNA at infection. From N15 genes 1 through 21 there is a one to one correlation with the phage λ genes A through J. All of these genes are transcribed in a rightward direction. There is up to 90% amino acid sequence identity between the N15 and the λ head gene products. Some regions are more closely related to other lambdoid phages, and starting from gene 17 (the λ tail assembly gene M analog) to gene 25, except for gene 24, N15 better matches phages HK97 and HK022. The above observation that N15 encodes λ-like capsid proteins correlates well with the observation that N15 virion morphology is similar to that of lambdoid phages (10) .
The N15 gene 24 is the homolog and functional analog of the cor gene of phage ϕ80 (24) and is responsible for the inability of N15 lysogenes to adsorb bacteriophages N15, T1, and ϕ80 (25) . To the right of the head and tail gene cluster is gene 26, a homolog of the E. coli umuD gene, which encodes a subunit of an error-prone DNA polymerase UmuC/UmuD that is involved in the repair of DNA damage during the SOS response. The promoter of this gene is overlapped by a potential LexA binding site, suggesting derepression of N15 umuD upon DNA damage. The next two genes in the right half of the prophage are homologs of the sopA and sopB genes of the F plasmid and determine the segregation stability of the N15 prophage (see below).
Unlike the right-arm genes, only about one third of the prophage left-arm genes have homologs in lambdoid phages. Among them are the gene 38, 39, and 40 homologs to cB, cro, and Q, respectively; they are responsible for the control of lysogeny (see below). Genes 53, 54, 55, and 55.1 are supposed to encode lysis function and also have homologs in the lambdoid phage family (23) . Two operons located in the left arm are characteristics for N15-like viruses and reflect their linear plasmid lifestyle: the protelomerase gene (gene 29) located at the left telomere (telL) and the counteroriented replication operon (genes 33-37) comprising gene 37 (repA), which encodes a multifunctional replication protein. The nucleotide sequences of the genomes of N15-like phages ϕKO2 and pY54 have been determined (26, 27) . Overall, the structures of the three genomes are similar and mosaically related (Fig. 2) . The sequences of the virion protein genes of PY54 and ϕKO2 are very similar, and both are different from the set of N15 structural proteins. On the other hand, the regions of the ϕKO2 genome outside the late operon are largely similar to those of N15 rather than PY54 (Fig. 2) . The prophage PY54 left arm contains N15-like protelomerase, replication, and lysogeny control regions; other N15-related open reading frames are not clustered but are scattered over the whole PY54 left arm, and there are a number of unrelated open reading frames lying in between. The similar overall genome organizations of phages N15, PY54, ϕKO2, and λ and relationships of their genes to each other and/or to genes of other lambdoid phages suggest that it is legitimate to include the former three within the lambdoid phage group, but in a subgroup that has a different strategy of lysogeny (26) .
Analysis of genome sequences of N15-related marine viruses VHML, ΦHAP-1, VP882, Vp58.5, and vB_VpaM_MAR revealed that the overall genomic organization of the functional modules was similar across these phages and N15, although the sequence similarity is limited. The capsid proteins are similar to those from lambda-like siphoviruses, while tail proteins are similar to those from P2-like temperate myoviruses (20) . Homologs of N15 protelomerase and replication protein RepA are present in these phages. As in phage N15, protelomerase and a counteroriented repA-like gene are located between the structural gene cluster and λ-type lysogeny control region with the cI-like repressor gene.
CONTROL OF LYSOGENY AND PLASMID REPLICATION
The plasmid nature of the N15 prophage requires controlled expression of not only the repressor function but also the genes responsible for prophage replication and maintenance. Analysis of N15 transcription patterns showed that about a half of the N15 genes are transcribed in the lysogen (23) . This situation differs from that of phage λ and suggests the possibility of more complex regulatory mechanisms.
Three distinct loci are involved in the control of lysogeny (Fig. 3) . The primary immunity region, immB, is structurally and functionally similar to the lambdoid phages' immunity regions (28) . This locus, located between the divergent early left and early right operons, contains three genes (Fig. 3 ). Gene 38 (cB) encodes the protein homologous to the λ CI repressor. Clear plaque mutants, mapping at immB, were found in the cB gene, supporting its role as a primary repressor. Products of genes 39 and 40 are homologues to λ Cro repressor and Q transcription antiterminator. The cB gene is flanked by a complex array of divergent operator-promoter sites. The two operators to the left of the cB overlap the predicted promoter of the N15 repA gene, suggesting that binding of CB at these operators represses and regulates transcription of repA and thus plasmid replication (28) . This assumption is supported by an observation that the N15-based miniplasmids lacking the cB gene have a higher copy number than similar plasmids with an intact cB (29) . The three operators to the right of cB overlap the predicted promoter of the cB itself and promoters of the rightward operon containing cro and Q. It has been proposed (28) that CB, by binding to these operators, represses both its own transcription and transcription of cro and Q genes.
In addition to CB, two other factors could regulate the expression of repA. The leader region of repA contains a ρ-independent transcription terminator, suggesting the involvement of premature termination of transcription in the regulation of expression of repA. Also, in the leader region there is a putative counteroriented promoter Pinc that could initiate transcription of short RNA antisense to the leader sequence of repA, and this RNA may modulate transcription of repA (28) . Modulation of replication gene expression by antisense RNA is a common strategy employed by other plasmids and, particularly, by bacteriophage P1, where it regulates transcription of the lytic replicon (30) . Analysis of transcription patterns of the N15 prophage in the lysogenic culture by RNA-Seq revealed a more than 10-fold difference of RNA level upstream and downstream of the predicted terminator in the leader region of repA (N. Ravin, unpublished) .
The secondary immunity region, immA (Fig. 3) , is located between the protelomerase gene and replication operon (31) . Three genes at the immA form an operon and encode an inhibitor of cell division (Icd), an antirepressor protein, (AntA) and a protein that may play an ancillary role in antirepression (AntB). Constitutive expression of antA prevents the establishment and maintenance of lysogeny. AntA counteracts the repression of promoters controlled by the primary N15 repressor, CB, resulting in activation of replication of N15-based miniplasmids and expression of late gene clusters. This ant operon may be transcribed from two promoters: the upstream promoter Pa could be repressed by the CB repressor, whereas the weaker downstream promoter Pb is constitutive. Full repression of the antirepressor operon is achieved by premature transcription termination elicited by a small RNA (CA RNA) produced by processing of the leader transcript of the operon-a mechanism similar to the one used in the lysogeny control regions of phages P1 and P4 (32, 33) . The CA RNA thus acts as a secondary repressor, and clear plaque mutants mapped at immA were found within the cA sequence. The antirepressor functions encoded at the immA seem to be involved in the lysis-lysogeny decision of N15 early after infection. Analysis of the transcription patterns of the immA locus showed that the structural genes (icd, antA, and antB) of the ant operon can only be expressed soon after infection from the two promoters, before the CA RNA is produced. In the lysogen, the CB repressor turns off promoter Pa, while the second promoter, Pb, allows production of the immunity factor, CA RNA.
The third region involved in the control of lysogeny (34) contains a gene that encodes an antirepressor protein, AntC (Fig. 3) . Like the case of antA, expression of this gene (antC) from a plasmid is sufficient to prevent lysogenization by an infecting phage and to induce lytic development in N15 lysogens. antC seems to be involved in the switch from lysogeny to lytic development in the process of prophage induction. Phage N15 mutants in antC can infect E. coli cells, as well as establish stable lysogens, but are deficient in prophage induction. antC expression is controlled by one of the major components of the SOS system, the LexA protein, whose binding site overlaps the antC promoter. Exposure of the host cell to DNA-damaging agents that challenge cell survival results in RecA-dependent autocleavage of LexA, derepression of the antC promoter, synthesis of this antirepressor protein, and finally, activation of lytic development. Thus, a cellular repressor whose activity is regulated by DNA damage controls N15 prophage induction (34) .
In most lambdoid phages prophage induction upon DNA damage is achieved by inactivation of the main CI repressor by RecA-dependent autoproteolysis. However, the amino acid sequence of phage N15 CB does not contain the site of RecA-stimulated autocleavage, an Ala-Gly or Cys-Gly dipeptide sequence located within a "linker" region that joins the N-terminal DNA-binding domain and C-terminal dimerization/autocleavage domain. Thus, the Lex/Ant regulatory system of N15 seems to be an alternative to the λ model of the cleavable repressor (34) .
Analysis of the nucleotide sequences of linear phageplasmids ϕKO2 and pY54 revealed conservation of the regulatory modules described above. Genomes of both phages contains an N15-like primary immunity region comprising homologs of N15 genes cB, cro, and Q, located between their repA genes and early right operons (26, 27) . Similar control regions are present in the genomes of marine phages VHML, ΦHAP-1, VP882, Vp58.5, and vB_VpaM_MAR (17) (18) (19) (20) (21) , suggesting that this regulatory circuit is universally conserved in linear phage-plasmids.
Phages ϕKO2 and pY54 encode AntC-like antirepressors, and these genes may be controlled by LexA 
PLASMID PROPHAGE PARTITIONING SYSTEM
The N15 prophage is maintained at three to five copies per bacterial chromosome and is very stable; its rate of spontaneous loss is less than 10 -4 per generation (35) . Like other low-copy-number plasmids, to be stably maintained, N15 should encode special stabilization machinery. Two principal mechanisms ensuring stable inheritance of bacterial plasmids are known: active partition of plasmid copies to daughter cells prior to division and addiction systems responsible for postsegregational killing of plasmid-free cells (36, 37) .
Dziewit et al (38) suggested that a phage N15 operon consisting of genes 49 and 48 constitute a toxin-antitoxin module. After being inserted into a heterologous lowcopy-number plasmid, this operon was able to stabilize its maintenance in E. coli (38) . However, it seems unlikely that the addiction system is a primary factor of the stability of N15 since prophage-free cells are easily accumulated at the nonpermissive temperature in the N15 lysogens carrying "early" temperature-sensitive mutations (11) . Likewise, linear N15 prophage carrying insertion mutations in a partitioning locus (39) and N15-based miniplasmid pG54 lacking this region (29) are unstable. Moreover, the rates of spontaneous loss of two linear N15-based miniplasmids that differ in the presence or absence of the gene 49 and 48 operons are similar (N. Ravin, unpublished data), indicating the limited influence of this locus on N15 maintenance. The similar loci are present in phages ϕKO2 and pY54, suggesting that their presence could provide some other benefits for the phage and/or lysogen.
The primary mechanism ensuring stable inheritance of the N15 prophage is the partitioning system (40, 41) . The region near the right end of the N15 prophage is similar to the sop locus, which governs partition of F plasmid copies to daughter cells. PY54 and ϕKO2 also contain the N15-like sop loci close to the right ends of their prophages. Partition loci such as F sop and P1 par usually consist of a two-gene operon and an adjacent cisacting site (36) . The first gene (gene 28 = sopA) encodes a protein that binds to the promoter of the partition operon to repress transcription (the operon is thus negatively autoregulated) and also acts as a Walker-box ATPase directly in the partition process itself, while the product of the second gene (gene 27 = sopB) binds to the cis acting centromere site (C) to form a partition complex and acts as a corepressor of operon expression (70) . The sop locus of N15 in fact determines the stability of the prophage since Sop proteins can stabilize the partition-defective N15 derivatives (40) . The N15 and F partition functions appear to be partly interchangeable: N15 SopA and SopB can partly stabilize partitiondefective mini F and repress the F sop promoter and vice versa (40, 42) . However, the N15 partition system, although a functional analogue of the F sop system, differs from it in several important respects.
At first, while transcription of the F sop operon is driven from one negatively autoregulated promoter, N15 sop is transcribed from two major promoters (43) . The first promoter, proximal to sopA, is similar to the F sop promoter and could be repressed by Sop proteins. The second, stronger promoter is located close to the right end of the prophage. It is insensitive to regulation by Sop proteins but is tightly repressed by N15 protelomerase. Therefore, there is a regulatory link between the processes of prophage partitioning and generation of covalently closed telomeres.
The most remarkable feature of the N15 partitioning system is that the centromere site of N15 is not composed of a cluster of short inverted repeats (IR) adjacent to the sop operon, as in the case of F, P1, and most other circular plasmids, but is represented by four IRs located in different regions of the N15 genome (40) . Each of these sites binds SopB and acts as a centromere (41) . Likewise, genomes of PY54 and ϕKO2 also contain multiple centromere IR sites in different regions of their genomes-10 and 4 sites, respectively.
Consistent with the expected importance of the centromere dispersion for linear phage-plasmids, it was found that a single IR site is sufficient to completely stabilize a circular, but not a linear, N15-based plasmid (44) . The stability of linear N15 derivatives varying in centromere-site (IR) position, number, and spacing increased in proportion to the number of IR sites and the distance between IR sites (44) . The plausible explanation for this phenomenon is that centromere dispersion could enable condensation of linear DNA through interaction of partition complexes formed at different centromeres and thus facilitate movement of segregating plasmid molecules. However, visualization of two IR sites on the same molecule revealed that their colocalization did not depend on SopB but resulted from spontaneous folding of the linear DNA (44) . Therefore, it was suggested that the beneficial effects of IR number and spacing on partition stem not from condensation but from provision of more numerous and better arranged substrates for SopA action (44) , but the molecular mechanisms of this phenomenon remain to be investigated.
N15 centromere sites are located in the regions of the N15 genome that are supposed to be essential for replication and control of gene expression. One site, IR1, is located within the coding sequence of the replication gene repA; the second, IR2, is located downstream of gene Q; the other two, IR3 and IR4, are located close to the late promoters of genes 52 and 59, respectively. This arrangement suggests that the N15 partition functions may be involved in the regulation of gene expression and replication.
It was found that following binding to IR4, the N15 Sop proteins could repress transcription from the P59 promoter (45) . Such an effect that could prevent undesired expression of late genes in the N15 lysogen was not unexpected, since F Sop proteins are known to mediate the silencing of genes linked to the sopC centromere (46).
The first centromere, IR1, located about 400 bp downstream of the start codon of the repA gene, seems to play another role. Surprisingly, elevated expression of N15 Sop proteins results in a significant increase of the copy number of N15-based circular and linear plasmids carrying replication and control regions including the repA and cB genes (B.D. Dorokhov and N.V. Ravin, unpublished). The mechanisms of Sop-mediated regulation of N15 prophage replication remain to be determined.
The centromere site IR3 is located immediately upstream of the major late promoter, P52, followed by the transcription terminator located before the first gene of the late operon. As in phage lambda, expression of the late operon is controlled by Q-dependent antitermination (47) . However, in N15, the Q gene is located 6 kb upstream of the major late promoter, in contrast to phage λ, where the Q gene is adjacent to this promoter. The importance of the location of IR2 and IR3 sites was evidenced by an observation that following prophage induction, N15 mutated in IR2 or IR3 showed a pronounced delay in lysis relative to that for wild-type N15. It was suggested that a pairing between Sop molecules bound to IR2 and IR3 on the same N15 molecule (in cis) would effectively deliver Q to its target site qut at P52, thus enhancing its effective concentration and improving the efficiency of transcription antitermination in the course of lytic development (47) . Phages ϕKO2 and PY54 both carry centromeres near their presumed Q genes and late promoters, suggesting similar regulatory mechanisms of their Sop operons. The three prophages provide the raw material for addressing such intriguing questions as which function of the sop system came first and was coopted to the other: partition or regulation of gene expression?
GENERATION OF COVALENTLY CLOSED TELOMERES
The N15 protelomerase was first hypothesized by Rybchin (12) as an enzyme responsible for the formation of a linear hairpin prophage molecule from the circularized phage DNA upon infection (Fig. 1 ). In this model, the N15 protelomerase is a functional analogue of integrases of lambdoid phages.
The protelomerase gene, telN, was identified upon sequencing of the N15 genome. Its predicted product, TelN, has limited sequence homology with the tyrosine recombinases and type IB topoisomerases (12, 23) . Similar telomere resolvases were identified in all linear phage-plasmids and in bacteria with linear chromosomes: ResT (gene BBB03) in Borrelia burgdorferi (48, 49) and TelA (gene AGR_C_4584) in A. tumefaciens (50) .
The cleavage-joining activity of TelN and protelomerase TelK of phage ϕKO2 was analyzed in vitro (51-53), and a structure of the TelK in complex with the target site has been solved (54) . Protelomerases and tyrosine recombinases have similar catalytic mechanisms for DNA cleavage and ligation, generating a 3′-phosphotyrosine DNA intermediate that enables the covalent rejoining of cleaved DNA strands without the use of a high-energy cofactor. Two protelomerase molecules bind as a dimer to a double-stranded DNA and generate a pair of transient staggered cleavages 6 bp apart from the axis of symmetry of the palindromic target site (53), as shown in Fig. 1 . Protelomerase molecules form a pair of protein-linked DNA intermediates at each 3′ end of the cleaved openings, leaving a 5′-OH. Then the partners of the two initial openings are exchanged, and the transient breaks are resealed to generate hairpin ends (55) .
Analysis of N15 protelomerase activity in vivo revealed that this enzyme is required for replication of linear (but not circular) N15-based plasmids (56) . Protelomerase was found to be an end-resolving enzyme responsible for processing of replicative intermediates. Ravin et al. (56) constructed the N15 mutant carrying a deletion in the protelomerase gene and cloned the telN gene in the expression vector under the control of a regulatable promoter. The mutant may be maintained as a linear plasmid if the telN is expressed in trans; removal of protelomerase activity results in accumulation of unprocessed replicative intermediates that were found to be circular head-to-head dimer molecules (56) . The telN gene and its target site, the telRL site, constitute an independent functional unit acting on other replicons independently of other phage genes; cloning of this module in circular mini-F and mini-P1 plasmids resulted in their linearization and further maintenance as linear plasmids with hairpin telomeres (56) . Insertion of telRL in the E. coli chromosome results in its maintenance in a linear form if protelomerase is expressed (57) . Functional independence of the protelomerase unit was used to develop a system to assemble BACs up to 100 kb as linear plasmids capped with N15 telomeres (58) .
The telomere-forming site telRL is flanked by three IRs (tosL1/tosR1, tosL2/tosR2, and tosL3/tosR3) with the consensus sequence taacAgaACA (Fig. 1) . In the prophage DNA the tosL/R sequences are located at the ends of the prophage. Protelomerase probably binds to tosL/R sites since it represses promoters overlapped by these sequences: the P2 promoter of the sop operon (43) and the promoter of the telN gene itself (59) . Presumably, binding of TelN to telomere-proximal regions protects the hairpin telomeres of the N15 prophage from the host SbcCD nuclease (59) , which is active against singlestranded DNA.
REPLICATION MECHANISM
The construction of various miniplasmids consisting of different fragments of N15 DNA and an antibiotic resistance gene (29, 60) made it possible to identify the minimal set of genes able to drive replication of the N15 prophage. The minimal circular self-replicating plasmid contained only gene 37 (repA), which is thus necessary and sufficient to drive replication (61) . The shortest linear plasmid requires the presence of repA and a protelomerase module (the telN gene and the telRL site). RepA is a multifunctional protein combining primase, helicase, and origin-binding activities (23, 62) , thus resembling the phage P4 α replication protein (63) . The replication initiation site (ori) is located within repA toward its 3′ end; replication initiated at this site proceeds bidirectionally (61) . Likewise, the repA gene of phage PY54 contains the ori site and functions as a circular minimal replicon in E. coli (64) . Since the ϕKO2 and N15 RepA proteins are 92% identical and their putative replication origin sequences have 62 of 64 identical base pairs (26) , it is likely that replication of ϕKO2 follows the same mechanisms.
All together, the data on protelomerase activity and replication of N15-based miniplasmids suggest the following model of N15 plasmid replication (Fig. 4) (61) . Replication is initiated from the ori site located within repA and proceeds bidirectionally following the θ mode. After duplication of telL, protelomerase cuts this palindromic site, creating two hairpin ends, and thus a Y-shaped molecule is formed. Upon replication of the right telomere and subsequent cutting of the duplicated telR site by TelN, two linear molecules are produced. Alternatively, complete replication of the prophage, resulting in the formation of a head-to-head circular dimer molecule, may precede resolution of the telomeres (Fig. 4) . The intermediates of replication predicted by the former model were detected by electron microscopy (61).
The above model also explains the mechanism of phage N15 replication in the course of lytic growth. In view of the strong similarity of N15 packaging and virion genes to those of phage λ, it is very likely that late steps of N15 lytic replication and encapsidation follow the λ model. The lytic growth could occur upon infection but could also be initiated in the lysogenic culture. Mardanov and Ravin (65) analyzed the structures of phage N15 DNA in the course of lytic development upon infection and found that phage DNA, circularized upon joining of the cohesive ends, is not used as a template for λ-like lytic replication but became converted into a linear plasmid. Replication of N15 DNA then follows the plasmid mode with the increase of the copy number; only at late steps did the circular unit-length molecules that could start λ-like late replication appear (Fig. 4, pathway  B) . These circular monomers became produced as a result of TelN-mediated resolution of a circular dimer into two circular molecules (instead of two linear molecules in the course of prophage replication) rather than being generated directly from a linear plasmid in a reverse "telomere fusion" reaction (65), as has been observed with the Borrelia ResT (66) . The switch to circular plasmid formation in the course of lytic replication of N15 may result from depletion of protelomerase or modification of the protelomerase and/or its target site by some unknown phage-encoded factor at a late step of lytic growth (65) .
Replication of other linear phage-plasmids seems to follow the N15 model since their genomes contain both key elements that determine the replication pathways: the N15-like protelomerase and repA genes. However, replication of these plasmid prophages has not yet been studied in vivo.
BIOTECHNOLOGICAL APPLICATIONS
One particular property of N15 prompted its biotechnological exploitation: linearity of the plasmid prophage, presumably resulting in the absence of supercoiling. Supercoiling in circular plasmids can generate cruciforms and other secondary structures that are substrates for deletion or rearrangements, mediated by activity of cellular nucleases, particularly in regions that contain numerous tandem or inverted repeats. N15-based linear miniplasmids have been used as cloning vectors (29) , which appeared to be particularly suitable for cloning DNA sequences with repeated sequences (60) . The next-generation N15-based linear cloning system, the "pJAZZ" series of transcription-free linear cloning vectors, developed by Lucigen Corp., can stably maintain templates that are difficult or impossible to clone in circular vectors, including AT-rich inserts of up to 30 kb and short tandem repeats of up to 2 kb (67). The pJAZZ vector shows decreased size bias in cloning, allowing more uniform representation of larger fragments in libraries. These vectors were successfully employed for cloning of a number of "difficult" templates (for example, reference 68).
N15 was used to develop an E. coli host/vector expression system, allowing a combination of two principles of regulation of protein synthesis: the use of an inducible promoter and regulation of the copy number of the vector (69) . The pN15E vectors are low-copynumber circular N15-based miniplasmids, comprising the repA and cB genes, as well as inducible promoters to drive expression of the target gene. Regulation of the pN15E copy number is achieved through expression of antirepressor AntA, whose gene was integrated into the host strain chromosome under control of the arabinoseinducible promoter. The low copy number of these vectors ensures a very low basal level of expression, which allows the cloning of genes encoding toxic products, while simultaneous induction of the inducible promoter and elevation of the copy number of the vector allow high-level expression of the target protein.
ORIGIN OF N15-LIKE PHAGE-PLASMIDS
The N15-like group of viruses is unique among bacteriophages in its genetic organization. The similar overall genome organization and the presence of genes associated with the linear plasmid lifestyle (protelomerase, repA-like replicase, and cB-like repressor) in N15, ϕKO2, PY54, ΦHAP-1, VP882, Vp58.5, vB_VpaM_MAR, and VHML suggest that these phages may belong to a group diverged from a common ancestor. Phylogenetic analysis of both TelN and RepA proteins revealed three wellseparated groups: N15, ϕKO2, and PY54; ΦHAP-1 and VP882; and Vp58.5, vB_VpaM_MAR, and VHML (Fig. 5) . Notably, the RepA and TelN trees have similar topology, suggesting coevolution of these genes rather than their independent acquisition or exchange. RepAlike genes were found in a number of circular plasmids, while the origin of TelN-like protelomerases is less clear; such enzymes may originate from the phage integrases or type IB topoisomerases. Insertion of such a gene into a repA-carrying circular plasmid would result in a linear plasmid with hairpin ends. The common ancestor of N15-like phages must have arisen either through the accumulation of a telN-repA genetic module by a lambdoid progenitor or from a linear plasmid acquiring a lambdoid set of "virion" genes. Subsequent evolution occurred via the exchange of groups of functional genes between different phages and plasmids. Therefore, N15 and its relatives provide a very interesting model system for the study of phage and plasmid evolution and interactions between phages, plasmids, and bacterial hosts. 
